Coastal wetlands and lagoons are under pressure due to competing demands for freshwater resources and climatic changes, which may increase salinity and cause loss of ecological functions. These pressures are particularly high in Mediterranean regions with high evaporative demand compared to precipitation. To manage 15 such wetlands and maximize their provision of ecosystem services, their hydrologic balance must be quantified.
lateral freshwater and saline water fluxes into/from the lagoon (volumetric flow rates normalised by the lagoon area A). This formulation rests on the assumption that variation and potential change trend in water level are small, 110 so that they do not alter significantly the extent of the lagoon area, which can then be sufficiently well represented by the average area A over the study period. This assumption is reasonable because the shoreline is mostly limited by man-made constructions with steep walls; only at the north-west side of the lagoon a small area is seasonally flooded. Assuming essentially constant lagoon area, changes in volume ( ) can be approximated as times the changes in water depth ( ), justifying the first equality in Eq. (1).
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In Eq. (1), precipitation rate and water depth are measured, while evaporation is estimated using Penman equation, parameterized with local meteorological data (Sect. 2.2.3). The two remaining water fluxes, and , are unknown and therefore solved for. A second equation is then necessary to obtain the two unknowns at each time step; this additional equality is provided by the salt balance.
Salt balance equation 120
The balance equation for the mass of salt, expressed in terms of salt mass per unit area of the lagoon reads, ,
where M is the salt mass per unit area (in g m -2 ) and F is the salt exchange rate per unit area (in g m -2 d -1 ). Following the above notations for water variables and assuming that waterborne salt transport is purely advective, the total salt mass and salt exchange fluxes can be calculated as, ,
In Eq. (3), the salt mass is obtained as the product of salt concentration and water depth in the Gialova lagoon 125 ( ). In Eq. (4), is still unknown, whereas is measured and the seawater salinity is assumed to be constant at around 38.5 g L -1 (Civitarese et al., 2013) .
Summarizing, we have now two equations in two unknowns (i.e., and
This system of equations is solved numerically using the finite difference method (Sect. 2.2.4), yielding the unknown freshwater and saltwater exchange rates. There are uncertainties associated with almost all fluxes and 130 compartments, but mathematically the problem is 'closed' -that is, there is enough information to obtain both and . Both mass balance equations are solved with a daily time resolution, but the results are aggregated to the monthly scale and over the whole study period.
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Evaporation rate
The evaporation rate ( , expressed in mm/d) is calculated using Penman equation, parameterized following Duan 135 and Bastiaanssen (2017), ,
where all symbols are listed in Table 1 and the factor 1000 converts units from m d -1 to mm d -1 .
To use Eq. (7) with the available data (Sect. 2.3), several assumptions are made. First, at the daily time scale, the contribution of heat flow in the lagoon ( ) is neglected. Second, net radiation ( ) is calculated as the difference between incoming shortwave plus longwave radiation, and outgoing shortwave plus longwave radiation, of which 140 only incoming shortwave is measured. Reflected shortwave radiation is estimated assuming an albedo of water equal to 0.08 (McMahon et al., 2013) . Net outgoing longwave radiation is estimated using an empirical relation that accounts for both surface temperature and atmospheric conditions that affect incoming longwave radiation (Allen et al., 1998) . In this relation, increasing vapour pressure and decreasing solar radiation (both quantities are measured at our site) decrease outgoing longwave radiation for a given surface temperature. Third, the 145 aerodynamic resistance is parameterized for open water evaporation following Shuttleworth (2012) . To test this parameterization, the ratio of equilibrium evaporation and total evaporation was computed, resulting in a median value of 1.35 (first and third quartiles: 1.21 and 1.62, respectively). While this median value is higher than the classical result by Priestley and Taylor (1972) for wet vegetated surfaces (i.e., 1.26), our values are well within the range estimated for waterbodies (Assouline et al., 2016) . This result thus lends support to the adopted 150 parameterization. Finally, and similar to other studies using the Penman approach to estimate evaporation rate (e.g., Rosenberry et al., 2007; Martinez-Alvarez et al., 2011; Rodellas et al., 2018) , we assume that conditions over the lagoon are homogeneous, and that our point measurements are representative. Considering the relatively small size of the lagoon, this assumption is deemed reasonable.
Numerical approach to solve the balance equations
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The known quantities in Eq. (5) and (6) (5) and (6) must be expressed as functions of these known quantities. Eq. (6) allows finding as,
Using the chain rule of differentiation and discretizing through time we obtain, 
The two linked Eq. (10) and (11) do not need to be coupled through time because changes in water depth and salt 165 concentration in the lagoon are measured. These equations could thus be solved for each time interval in sequence.
Since the absolute value of varies from one time step to the next, and this absolute value is not measured, in
Eq. (10) must be updated at each time step as ∆ before being entered in the equation for the next time step. As long as ∆ ⁄ ≪ 1, this step would not be necessary, but since water depth fluctuations can be significant with respect to the mean depth in the shallow Gialova lagoon, this correction is important.
170
To summarize, Eq. (10) and (11) represent a simple algorithm to calculate the unknown exchanges of water between Gialova lagoon and the freshwater systems upstream and the sea downstream. Moreover, they provide estimates of salt mass fluxes associated with the saline water exchanges.
Simulation scenarios
To assess the effects of changing climatic conditions and water resource management on salinity in the Gialova 175 lagoon, we solved Eq. (5) and (6) in a forward mode -that is, to estimate salinity variations through time based on known hydrologic fluxes. Measured precipitation and evaporation rates are modified to account for climatic changes, is modified to account for both climatic and water management changes, and the change in storage ( ⁄ ) is maintained from current conditions given the strong coupling of water levels in the lagoon and in the sea (Supplementary materials S1; Fig. S1 ). Sea level rise is not considered in these scenarios. Based on these water fluxes and storage changes, is calculated using the water balance Eq. (5), and salinity is obtained with the salt mass balance Eq. (6).
We considered three climate change scenarios (Table 2) : C1) reduced precipitation, C2) increased temperature (and thus evaporation), and C3) combined reduction in precipitation and increase in temperature. All scenarios are based on results of a regional climate model forced by global climatic conditions under high CO2 emissions
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(denoted as A2), with predictions extending to year 2100 (Gao and Giorgi, 2008) . For C1, a precipitation reduction up to 30% was considered (while keeping current E); for C2, evaporation was increased up to 20% due to a mean annual temperature increase of 4°C (while keeping current P); for C3, the changes in P and E were compounded.
Moreover, to assess the effects of changes in water-atmosphere exchanges in isolation, the lateral freshwater fluxes https://doi.org/10.5194/hess-2019-382 Preprint. In the simulations where lateral freshwater fluxes are decreased, a reduction coefficient was applied to all daily values of freshwater exchanges (water entering and leaving the lagoon). The reduction coefficients for each climate scenario were obtained by estimating future runoff R from catchments surrounding the lagoon using Budyko's approach (Choudhury, 1999) . First, the relation between long-term actual evapotranspiration (AET)
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and potential evapotranspiration (PET) was parameterized following Choudhury (1999) . Second, long-term runoff was calculated as R=P-AET under the assumption of negligible change in water storage in the catchment,
where n=1.8 (Choudhury, 1999) . Assuming PET E, Eq. (12) allows estimating R when P and PET change according to the climate scenarios C1-C3. Finally, reduction coefficients for the freshwater exchanges are calculated as the ratios of R under future conditions (from Eq. (12)) over R under current conditions (i.e., R=167
200 mm y -1 for P=695 mm y -1 and PET=889 mm y -1 , see Sect. 2.1). The obtained reduction coefficients are reported in Table 2 .
These climatic scenarios were further combined with altered water resource management scenarios, in which we assumed that the lateral freshwater fluxes are either reduced due to intensified water use, or increased by attempts to restore Gialova lagoon to its original state of a brackish wetland (Table 2) . To consider a wide range of possible 205 management outcomes, we considered freshwater flux changes varying continuously from a 50% reduction to a 50% increase with respect to the current conditions, as estimated in Sect. 2.2.4. Management scenarios were implemented by varying the daily modelled values of , independently of climatic conditions (e.g., assuming that freshwater exchanges are fully controlled and not limited by water availability). As also done for the climate change scenarios, all daily values of were varied, including freshwater losses from the lagoon, thereby 210 imposing a control on the two-way connectivity of the lagoon with the surrounding freshwater bodies.
Measurements
Permanent equipment
Meteorological measurements were conducted with a Decagon Devices, Inc. system, including a relative humidity and air temperature sensor (VP4), a 2-D sonic anemometer (DS-2), a solar radiation sensor (pyranometer), and a 215 rain gauge (ECRN-100), all installed in March 2016. Data were recorded using EM-50 loggers. These pieces of equipment, except for the anemometer, were located on the Southern shore of the lagoon; the anemometer was installed on a concrete pillar in the middle of the lagoon (approximately 1 km from the other sensors) to minimize interference by vegetation and nearby terrain. Three water quality/depth measurement points were set up in the lagoon -one at the Southern shore next to the meteorological station, one next to the concrete pillar, and one on 220 a PVC pole located near the Northern shore (Fig. 1a) . The Southern and Northern measurement sites were equipped with one conductivity-temperature-depth probe, while the central site had two probes at different depths (all CTD-10). For this study, salinity was estimated from the average value of the two central sensors, considered Meteorological data were collected with a sampling interval of five minutes and averaged (or accumulated for rainfall and solar radiation) over a day. Gaps in the meteorological data record were filled using time series from two other meteorological stations -one located in an olive orchard 5 km from Gialova lagoon, the other located at Methoni (National Observatory of Athens, 2019). Details on the gap filling procedure are reported in the Supplementary materials S3.
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Water electrical conductivity measurements included erroneous readings (downward peaks with unreasonably low conductivity values with respect to a well-defined upper envelope). These erroneous values were removed with a two-step de-spiking algorithm before daily averaging. The algorithm first detected and removed outliers (values lower than the 10 th percentile) in a moving window of four hours. Second, data points that caused the standard deviation in the moving window to be higher than four times the standard deviation in a window without 250 any error were also removed. Conductivity values (expressed in mS cm -1 ) were converted to salt concentrations 
Water fluxes under current conditions
The study period is characterized by typical Mediterranean conditions, with mild and wet winters, and warm and dry summers ( Fig. 2-3 ). Even though winters receive most of the rainfall, some late summer storms were exceptionally intense (140 mm between DOY 250 and 251 of 2016). This precipitation regime, together with 265 intense summer evaporation rates sustained by high solar radiation and temperature (Fig. 3d ), contributes to strong seasonal variations in salinity (Fig. 2d ). Salinity tends to increase during the spring and throughout the summer, The seasonal pattern of salinity is punctuated by sudden events in response to intense rainfall events. The most notable event occurred on DOY 251 of 2016, leading to a rapid decrease in salinity from 35 to 22 g L -1 , with the lower lever sustained over the following month and a half. High salinity is associated with high water levels ( Fig.   2c ), which tend to occur during the warmer months despite their higher evaporation rate. Water levels vary largely 275 as a function of tidal fluctuations in the Ionian Sea (Supplementary materials S1), and are poorly related to individual rainfall events or the seasonal fluctuations in hydro-climatic variables. Specifically, the water levels in the Gialova lagoon lag approximately one day behind those of the Ionian Sea (Pearson correlation coefficient is maximized with a lag of one day, r=0.78; Fig. S1 ). Fig. 4a illustrates monthly averaged hydrologic fluxes, including precipitation, evaporation and changes in water 280 depth in the lagoon. While evaporation is generally higher than precipitation, as expected in Mediterranean climates (Fig. 1) , variations in storage (i.e., water depth) are more dynamic than in the other two lagoonatmosphere fluxes, and do not compensate for the negative hydrologic balance of the lagoon. Given the necessity of water balance closure over the lagoon, this suggests that other water exchanges via groundwater and surface water play a significant role. The coupled water and salt mass balances (Eq. (10) and (11)) facilitate estimation of 285 the freshwater and saline water exchanges between the Gialova lagoon and surrounding water bodies (Fig. 4b) , Some of the daily fluxes shown in Fig. 2 and 3 , and the calculated saline and fresh water exchange fluxes are correlated ( Table 3) . Precipitation and evaporation rates are negatively correlated due to their seasonal cycle ( Fig.   2a and 3d ), and variations in water level are positively correlated to precipitation rates. These correlations emerge from intrinsic processes and relations among hydrologic variables that are not explicitly parameterized in the 300 present water and mass balance equations, whereas other correlations are expected from the physical balance relations expressed mathematically in Eq. (10) and (11). In particular, saline water fluxes are (strongly) positively correlated with water level variations and (strongly) negatively correlated with freshwater fluxes, as implied by
Eq. (11). The occurrence of the strong correlation between fresh and saline water fluxes indicates that variability in water exchanges between the lagoon and the sea or land dominates over variability imposed by water-305 atmosphere exchanges.
When considering the entire study period, precipitation represents ≈40% of the water inputs to the lagoon, whereas the remaining 60% is driven by freshwater exchanges, with a minor contribution by change in water level (Fig.   5a , left bar). Evaporation represents ≈70% of the water outputs from the lagoon, and the remaining 30% is caused by saline water loss from the lagoon to the Ionian Sea (Fig. 5a, right bar) . 
Water fluxes under changes in climate and water management
Climatic changes reducing precipitation and increasing evaporation rate (scenario C3) are expected to alter the water balance with respect to current conditions (Fig. 5b) . The overall lower inputs and higher evaporative losses are compensated by lower outputs of saline water from the lagoon. Note that in Fig. 5b we assumed that freshwater inputs remained as today, but without any management effort, the flows from the surface freshwater bodies would 315 most likely decrease as a result of lower precipitation and higher evapotranspiration in the catchments feeding the lagoon (Sect. 4.3). Fig. 6a shows predicted changes in the mean salinity of Gialova lagoon as a function of gradual precipitation reduction on the abscissa, in combination with unchanged (scenario C1) or increased evaporation rate (C3) while keeping current freshwater inputs (black lines). In addition, the effect of reduced freshwater inputs due to lower runoff from the surrounding catchments is considered (red lines). In all cases, salt concentrations 320 increase with decreasing precipitation and increasing evaporation rate due to accumulation of salt from the marine sources. Salt accumulates because it enters the lagoon during increases in sea water level, but it does not leave it again under decreases in sea level because the saline outflows are then also decreased (Fig. 5b) . However, when both precipitation and freshwater inputs are decreased, salinity increases more than when only precipitation is decreased (compare red and black lines).
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The time spent under hypersaline conditions is a more useful ecological indicator than mean salt concentration, as it directly impacts the ecological actors. Fig. 7a shows how the percentage of time under hypersaline conditions varies with hydro-climatic changes (similar to those in Fig. 6a ). Decreasing precipitation alone increases moderately the time in hypersaline conditions from the current 3 months per year. As noted for changes in salinity ( Fig. 6a ), higher evaporation rates -especially when compounded with lower freshwater inputs -yield longer Moreover, for our well-mixed assumption to hold, the used water and salt balances cannot be resolved at time scales shorter than the equilibration time for the lagoon, which we estimate to be on the order of one day (Fig.   370   S1) . Therefore, significant exchanges of water and salt occurring due to shorter term fluctuations in sea water level are neglected but could be important at longer time scales. To address the limitations of the well-mixed assumption and gain insights on water exchanges at sub-daily time scales, the Gialova lagoon should be represented by a spatially explicit hydrodynamic modelling approach; such approaches have been developed and used in other recent studies for simulation of coastal and semi-enclosed sea conditions at various scales and under 375 different hydro-climatic and/or water management scenarios (Chen et al., 2019; Vigouroux et al., 2019) .
Another source of uncertainty may be introduced by attributing changes in electrical conductivity solely to salinity changes (Williams, 1986) . Other solutes can impact electrical conductivity but not salinity, potentially leading to errors. For the current application, where we focus on relatively short time periods, there are likely minimal land cover or nutrient load changes, which limits the variability of electrical conductivity due to other constituents.
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Also, assuming relatively stable flow pathway distributions in the landscape over the study period, the geochemical signature of groundwater is likely constant enough so that the main driver of changes in electrical conductivity is salinity from sea water rather than terrestrial sources.
The hydrologic balance of the Gialova lagoon under current and future climate
In the absence of direct flow measurements, the presented water balance approach provides estimates of the major 385 hydrologic fluxes exchanged through the Gialova lagoon (Fig. 4) , allowing to assess its overall water balance over the two-year study period. We estimate large two-way exchanges with the Ionian Sea, facilitated by the canal that connects the lagoon with Navarino Bay (minimum cross section of 7 m 2 ). Saline water inflows amount to 2490 mm y -1 and outflows to 3200 mm y -1 , with a net loss of water from the lagoon to the sea of 710 mm y -1 (with all flows normalised by the average surface area of the lagoon). These gross water fluxes are comparable to those 390 exchanged through Mar Menor -a much larger lagoon in southern Spain, connected to the Mediterranean sea via five channels (Martinez-Alvarez et al., 2011) -whereas the volumetric flows exchanged by the Gialova lagoon are lower due its smaller size. The seasonal pattern characterized by freshwater inputs in the winter and spring and salt water outputs primarily in the summer and autumn is similar to that observed in other Mediterranean lagoons (Stumpp et al., 2014) . The estimated freshwater inputs amount to 1170 mm y -1 , which are mainly 395 partitioned between evaporation (≈40%) and water losses to the Ionian Sea (≈60%). Currently, the main freshwater input to the lagoon is from Tyflomitis stream and artesian springs. Flow estimates for these water sources are uncertain and currently range between 0.5×10 6 and 2.0×10 6 m 3 y -1 (Maneas et al., 2019), equivalent to approximately 220 to 890 mm y -1 of freshwater inputs after normalizing the flow rates by the lagoon area. Our estimated freshwater inputs are higher but still reasonable, considering that part of the water from Tyflomitis is 400 diverted to Navarino bay, but that unquantified groundwater flows likely contribute freshwater to the lagoon as well.
The Mediterranean region is projected to become warmer and drier (Cheval et al., 2017; Gao and Giorgi, 2008) .
By reducing precipitation and associated runoff, and increasing evaporation rates, future climatic conditions are expected to increase salinity unless freshwater inputs now diverted from around the lagoon to the Ionian Sea are 405 restored. To assess the consequences of these climatic changes, we first calculated how salinity changes in characterized as saline or/and even hypersaline during the months June -November, with more brackish 445 conditions occurring only during the wetter winter and spring seasons. High salinity has been highlighted in previous studies as one of the main factors leading to dystrophic crisis events and fish mortality (Arvanitidis et al., 1999; Koutsoubas et al., 2000) . The combined effects of increased salinity and limitation in water circulation has led to extensive reed and cattail mortality, thereby deteriorating important habitats for water birds (Maneas et al., 2019) . On one hand, the lagoon has an important fishery value (Koutsoubas et al., 2000) , and the opening of 450 additional canals with the Navarino bay has been suggested as a way to improve water circulation and fishing (Arvanitidis et al., 1999) . On the other hand, the lagoon is part of a wider protected bird area. Increased freshwater inputs could be favourable for bird conservation, but could also negatively affect the fishing in the lagoon if freshwater inputs are of low quality due to agricultural contaminants. A sustainable future water management strategy should aim to create favourable conditions for both fishing and bird conservation. Such a strategy will 455 need to be based on more data, from not only systematic monitoring of fish stocks, bird status and water parameters such as oxygen levels and nutrients concentrations, but also from knowledge from local fishermen.
In the current context of water scarcity and competing water demands in the Mediterranean region -and Greece in particular (Destouni and Prieto, 2018; Klein et al., 2015; Perez-Ruzafa et al., 2011 ) -managing freshwater inputs to the Gialova lagoon can be challenging. Our results show that, to adapt to expected climatic conditions 460 by the end of 2100 and maintain the current annual average salinity in the lagoon, a more than 50% increase in freshwater inputs should be achieved, corresponding to at least 1750 mm y -1 (Fig. 6b ). To assess if such a 50% increase is feasible, the total water resources currently available must be quantified. Combining the flow rates of the two streams that before being diverted reached and fed the lagoon (Maneas et al., 2019), the total surface water that would be naturally available is between 2400 and 3100 mm y -1 (values are normalized by lagoon area and 465 include the contributions from Tyflomitis springs reported in Sect. 4.2), which in principle could fulfil the demand to stabilize salinity. These estimates are higher than, but considering the uncertainties still comparable with the 2200 mm y -1 obtained from the Budyko curve (Eq. (12)). These estimates do not reflect the expected reduction in precipitation and increase evaporation in the coming decades. In the worst-case climate scenario of 67% lower runoff (Sect. 4.2), the available surface water inflow could be limited to the range 810-1030 mm y -1 -clearly not 470 enough to increase the current estimated freshwater inputs. This estimate is conservative; if water abstraction increases as might be required to maintain agricultural productivity in the catchment (Maneas et al., 2019), freshwater inputs would be even lower. Thus, under future conditions, managing freshwater inputs to maintain current salinity levels appears unlikely.
Conclusions
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We have shown through a mass-balance approach that under current climatic conditions the Gialova lagoon receives about 40% of water inputs from precipitation and 60% from surface and groundwater freshwater sources.
Under these conditions, the lagoon is hypersaline for nearly 30% of the year. Under future, drier and warmer conditions, the water balance is predicted to change towards higher water losses, associated with higher salinity levels and in the worst-case scenario prevalence of hypersaline conditions. The same modelling approach suggests Table 2 . Climatic and management scenarios. Variations are indicated as percentage change compared to current conditions. In scenarios C1-C3, freshwater inputs are either kept as under current conditions or 615 decreased as a consequence of higher potential evapotranspiration/precipitation ratio (respectively black and red curves in Fig. 6a and 7a) . 
